Tests to detect complementation between ts mutants of herpes simplex virus types I and 2 by infectious centre and yield of virus assay were investigated. Progeny analysis of both intratypic and intertypic complementation showed a considerable proportion of recombinant or ts + virus in the progeny; this was more marked in the infectious centre tests. Virus of intermediate temperature-sensitivity was produced in intratypic as well as intertypic complementation. Reduction in the input multiplicity of one of the two mutants in the test to extremely low levels did not prevent eomplementation, suggesting that non-infectious particles probably contribute to complementation. Demonstration of virus DNA synthesis in mixedly-infected cells at the non-permissive temperature was used to detect complementation between DNA-negative mutants.
INTRODUCTION
Temperature-sensitive (ts) mutants of animal viruses are generally classified into functionally different groups by means of complementation tests. These tests, when applied to herpes simplex virus (HSV), are not ideal since they cause variability, false positive and false negative results and the production of virus of ts + or unusual phenotype (Timbury, I97I ; Schaffer et al. I973 ; Timbury & Subak-Sharpe, 1973 ; Schaffer et al. I978 ). Very few workers, however, have studied complementation per se or the factors such as m.o.i, which might influence it. This report describes an investigation of intratypic and intertypic complementation with ts mutants of HSV types I and 2 in two kinds of commonly used tests, namely infectious centre and yield of virus assays.
METHODS
Cells. Baby hamster kidney, BHK2~/C~ 3 cells (Macpherson & Stoker, 1962) were used throughout; they were grown in Eagle's medium supplemented with lo % (v/v) tryptose phosphate broth and Io % (v/v) calf serum (ETCIo).
Virus and virus assays. The wild-type strains of HSV-t (l 7rap) and HSV-2 (HG52) were used together with two ts mutants of HSV-I, ts J syn and ts D syn (Brown et al. 1973 ) and five ts mutants of HSV-2, ts i, ts 3, ts 5, ts 9 and ts lo (Timbury, I971) . Virus was titrated in BHK2I cells by the method of Russell (I962) . The non-permissive temperature (NPT) was 38 °C and the permissive temperature (PT) 3 ~ °C.
Complementation tests. The two complementation tests used were the infectious centre assay and the yield of progeny virus assay (Brown et al. I973) . For the infectious centre test, the number of infectious centres formed by Io 6 cells infected in suspension by two ts mutants was compared to the number formed by cells infected with each mutant alone. A m.o.i. of 5 was used except in experiments to study the effect of multiplicity on complementation. The complementation index (CI) was calculated from the formula: C [ --(X -]-y)Nt'T/eT l(X~'PT/vr + y_~PT/PT) in which X and Y represent differe~t ts mutants and NPT/PT is the ratio of the titres of infectious centres at the non-permissive and permissive temperature, respectively. When no infectious centre was observed at the NPT, the titre at NPT was given a value of i. The denominator is halved because, in the control, the infected cells received twice the number of p.f.u, compared to the mixedly infected cells. The yield of virus tests were carried out as described by Brown et al. (1973) using a m.o.i, of 5.
Progeny testing. To isolate virus from infectious centre tests, 20 well-isolated plaques were picked from the 38 °C plates of an infectious centre assay, suspended in ETCIo and, after sonication, were added to a suspension of 4 x ~o 6 cells. The infected cells were shaken at 37 °C for 20 rain, plated in Petri dishes which contained 4 ml ETCIo and incubated at 31 °C for 2 days. Three plaques were then picked from each plate and plated in fresh cells. After incubation at 3I °C for 3 days, these cells were harvested by being scraped into the medium and disrupted by sonication; they were then titrated at 38 and 3I °C. From the yield tests, 6o well-isolated plaques were picked from those produced by titration at 3~ °C. Each plaque was added to 4 x io ~ cells suspended in ETCIo, shaken at 37 °C for 2o rain, then plated out and allowed to grow at 3I °C. After 2 days, the resultant virus was harvested by scraping the cells into the medium and, after sonication, titrated at 38 and 31 °C.
Stability testing of progeny virus plaques. Progeny plaques produced by infectious centre assay were tested for the stability of the ts markers, Each progeny virus plaque was first titrated at 38 and 3 t °C; three plaques were picked from the 31 °C plate, sonicated for I rain and plated in 4 x Io 6 cells at 3I °C. Three plaques were then picked from the 3I °C assay plate of one of the three preceding progeny virus plaques and subjected to the same procedure.
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RESULTS

Analysis of the progeny of infectious centre and yield of virus tests in both intratypic and intertypic complementation
The first experiments carried out were designed to investigate the phenotype of the virus produced in each type of complementation test. This was done by carrying out a detailed progeny analysis of three intratypic and three intertypic crosses tested by both infectious centre and yield of virus assays. For the progeny analysis, individual plaques in the progeny were cloned and the virus in them titrated at both the NPT (38 °C) and the PT (31 °C). Table t shows the results of these experiments and confirms that a considerable proportion of the progeny from both types of test was recombinant. The proportion was generally higher in infectious centre than yield tests. In intvatypic complementation, as might be expected, there was a tendency for mutant pairs which map fairly far apart, e.g. ts t and ts 9, to show more recombinant virus in their progeny than mutants which map close together, e.g. ts 9 and ts IO (Timbury & Calder, I976) . Recombinants were almost as frequent in intertypic complementation as in intratypic. Table t also shows that virus of intermediate temperature sensitivity was produced in both intratypic and intertypic complementation. Production of virus of this phenotype is therefore not due solely to intertypic reactions in which some recombinant virus which was not fully ts + might have been formed as a result of heterotypic genetic interactions.
Stability of ts phenotype
The progeny of an intratypic infectious centre assay was tested for stability of the ts phenotype by the analysis of three generations of progeny arising from six plaques on the original 38 °C plates of the test. Plaques were picked at each passage and the virus they contained boosted in titre at 3t °C and titrated. The results are shown in * Plaques were picked from the 38 °C plates of an infectious centre test, grown at 3t °C and titrated at 38 and 3I °C; these were the first passage plaques. Three (second passage) plaques were then picked fromthe3I °C titration plates, grown at 3I °C and re-titrated at 38 and 31 °C. This process was repeated to obtain third passage plaques which were picked from the titration plates of the second passage plaques listed lowest in the complex. One yielded a mixture of parental and recombinant virus which would explain the intermediate ts phenotype of the original plaque. One of the others yielded only parental virus possibly because, by chance, three parental plaques were picked from a mixture which had contained both recombinant and parental virus in plaques on the titration from the original plaque. The third yielded intermediate and recombinant progeny and it is unfortunate that the three third-generation plaques picked were from the plate which contained recombinant rather than intermediate ts virus. The one recombinant plaque subjected to progressive analysis yielded a mixture of all three ts phenotypes which suggests that the virus in this particular recombinant plaque was unstable.
Multiplicity of infection
Most workers have used m.o.i, of 5 or 2'5 for complementation tests to ensure that virtually all the cells in the culture were infected with both mutants. The effect of varying the multiplicities of each mutant was therefore investigated in an infectious centre test using the two HSV-2 mutants, ts I and ts 9-In one experiment shown in Fig. I a, ts 9 was kept at a constant m.o.i, of 5 or r while the m.o.i, of ts J varied from o.ol to 5-The particle:p.f.u. ratios of the stocks used were 89:1 (ts 9) and 47:1 (ts I). There was no complementation until tile m.o.i, of ts J increased to o'o5 (with ts 9 at mo.i. l) or o.l (with ts 9 at m.o.i. 5). The complementation index rose with increasing m.o.i, of ts I when ts 9 was at m.o.i. 5. However, there was little increase in the level of complementation when the m.o.i, of ts ] increased to more than o'5 with ts 9 at m.o.i.I. The co,lverse experiment, (Fig. lb) showed unexpected results. When ts I was at a constant m.o.i., complementation was observed with ts 9 at a m.o.i, of only o'ol and remained at a relatively constant level over a range of m.o.i. with ts 9 up to 5. Ts 9 therefore appeared to provide enough gene product for ts I to replicate even at the very low m.o.i, ofo.o~. At this level of multiplicity, the percentage of doubly infected cells calculated from the Poisson formula is theoretically o'63 (with the second mutant at m.o.i. I) and 0'99 (with the second mutant at ln.o.i. 5). This strongly suggests that non-infectious particles of ts 9 are able to take part in complementation. Experiments with ts 5 and ts 9 showed similar results to those in Fig. I a, in that the complementation index became positive when the mutant used at varying m.o.i, reached a multiplicity of o'o5; this was true of both ts 5 and ts 9.
Time course of complementation
The time course of comptementation was measured over a period of 3 ° h in a yield test between ts I and ts 9. Yields were titrated at 38 and 3I °C so that it was possible to observe the time of appearance of recombinant ts + progeny as well as of parental ts virus in the yield. A typical experiment is shown in Fig. 2 where it can be seen that the time course ofcomplementation broadly followed the growth curve of HSV-2 tS mutants at 31 °C. Thus maximal virus production was at 24 h (Halliburton & Timbury, [973) . New virus was first detected at 8 h which was somewhat earlier than with the ts mutants at 3 [ °C. This difference is probably due to the fact that yield complementation tests are carried out at 38 °C since ts + virus has a faster growth cycle at this temperature than at 3[ °C. The appearance of recombinant virus coincided with that of parental virus.
Biochemical demonstration of complementation
Complementation detected by genetic tests should also be demonstrable biochemically. Table 3 shows that intertypic complementation between DNA-negative mutants can also be demonstrated by the synthesis of virus DNA in cells mixedly infected with two mutants at 38 °C. In experiments not reported here, ts J and ts 9 did not complement in genetic tests, * Virus DNA synthesis was estimated by measuring the incorporation of 3H-dThd in infected cells at 38 °C into virus DNA. Virus DNA was separated from cellular DNA by centrifugation in caesium chloride gradients. Cells mixedly or singly infected with ts mutants were labelled in 3 h pulses from o to 3, 3 to 6, 6 to 9, 9 to 12, 12 to I5, r5 to i8, T8 to 2i and 21 to 24 b post-absorption. Cells infected with T7mp, HG52 or mockinfected were labelled from o to 24 h post-absorption.
t Calculated as (V/V+H)x ioo.
but clearly do so biochemically since virus DNA was synthesized in cells infected with the two mutants at 38 °C. As would be expected, the proportion of DNA synthesized with these two mutants was considerably lower than with the other pairs of mutants tested.
DISCUSSION
Complementation tests have been widely used to classify ts mutants of animal viruses into functional groups. However the intracellular interactions which take place to produce complementation with ts mutants of HSV are not well understood. Schaffer et al. (I973) reported that complementation with HSV-I ts mutants produced a proportion of recombinant virus, and Timbury & Subak-Sharpe (1973) found that the progeny from one intertypic test contained not only ts virus, but also ts + virus and virus of a novel, intermediate ts phenotype. These reports suggest that the interactions which give rise to complementation may be more complex than is often assumed. In the experiments described here, complementation tests, both intertypic and intratypic, were carried out using both infectious centre tests and yield of virus assay and were subjected to detailed progeny analysis. This was done by estimation of the efficiency of plating at 38 °C compared to 31 °C of clones of the progeny from tests and confirmed that the progeny nearly always contained a proportion, often considerable, of recombinant or ts + virus. With one exception, infectious centre tests generated more recombinant progeny than yield tests. Infectious centre tests naturally involve multiple growth cycles at 38 °C and therefore presumably a greater opportunity for genetic interaction under conditions selective for ts + virus. It is disturbing to find that recombination is apparently a common feature of complementation tests. However, recombination may result from complementation rather than take place independently of it and, if this is so, the presence of recombinants in the progeny would not invalidate the results of complementation tests. In any event, the invariable presence of parental ts virus in the progeny of tests is clear evidence of complementation notwithstanding coincident or subsequent recombination events. The time course of a complementation reaction showed apparently simultaneous production of ts and ts + virus. The ts ÷ virus, however, has a more rapid growth cycle than ts virus (Halliburton & Timbury, I973) , so that complementation may well have taken place before recombination. It seems unlikely, although theoretically not impossible, that two DNA-negative mutants could recombine in the absence of at least some DNA synthesis which, in turn, could only be initiated by complementation. Virus of intermediate temperature sensitivity has been described in the progeny of an intertypic infectious centre test by Timbury & Subak-Sharpe (I973). Intermediate ts virus was found to have been produced in all except one of the intratypic complementation tests analysed here, as well as in two of the three intertypic crosses. Production of virus of this novel phenotype therefore seems to be a general feature of comptementation between ts mutants of HSV rather than due solely to intertypic interactions. The genetic basis of this virus phenotype is unknown, but the results of the limited experiments reported here suggest that it is unstable since virus in the intermediate plaques investigated did not breed true.
It is widely assumed that in order to demonstrate complementation, the input multiplicities of both ts mutants in a cross must be sufficiently high to ensure that the majority of cells are doubly infected. It was therefore surprising to find that in crosses with the HSV-2 mutants, ts I and ts 9 and ts 5 and ts 9, respectively, the multiplicity of one of the mutants could be reduced to o'o5 without affecting complementation. At a multiplicity of only o.oI, ts 9 complemented ts r and the complementation indices with this mutant against ts I remained relatively constant over a range of increasing multiplicity up to 5. Complementation over a wide range of multiplicities down to o.ot suggests that the threshold of ts 9 gene product needed to complement ts r is low. Ts 9 is the earliest of the I3 HSV-2 Glasgow mutants and by far the most defective in polypeptide production at 38 °C. In fact, only one protein (mol. wt. i32× io -a to 134× IO -a) is synthesized consistently at the NPT (D.
McDonald & H. S. Marsden, personal communication ; Marsden et al. r978 ). The ability of ts 9 to complement at very low multiplicities therefore suggests that non-infectious particles may contribute to complementation. Although non-infectious particles cannot replicate under normal conditions they may not be totally incapable of any function. They might, for example, contain a reduced amount of DNA which was able to function in the presence or even in the absence of the gene product(s) of the other mutant. Frenkel et al. (I976) examined defective HSV-I DNA derived from virus which had been subjected to serial undiluted passage. They found that the defective DNA consisted of tandem repetitions of DNA from the S region, together with the repeated sequences which border that region. There is no evidence that the non-infectious particles normally present in HSV preparations contain DNA with a similar composition. However, if they contained some DNA capable of even limited function, this might include the gene corresponding to the ts defect in the second mutant. Complementation could then ensue.
Finally, complementation was demonstrated biochemically by the synthesis of virus DNA in cells infected at 38 °C with two DNA-negative mutants. The results of the cross with ts J and ts 9 are of some interest. In experiments not reported here, 15 of I7 complementation tests (both infectious centre and yield) were negative. Nevertheless, virus DNA synthesis was clearly demonstrable, albeit at a relatively low level, in cells mixedly infected with these mutants. Although more laborious to perform, biochemical tests may therefore occasionally be useful in detecting complementation with two mutants which give negative or doubtful results in genetic tests.
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